T he incorporation of image guidance technology facilitated the development of new techniques in the care of patients suffering from spinal metastasis. Image guidance was initially used to perform biopsies 1 and was quickly adapted for placement of implants 4 and to aid complex resections. 18 Its incorporation into radiation delivery methods resulted in a new field within radiation oncology, called stereotactic body radiotherapy (SBRT).
has been very limited, with just a few reports evaluating its feasibility in surgical decompressions 23 and fenestration of intradural cysts. 20, 21 Here, we describe the use of image guidance for spinal laser interstitial thermotherapy (sLITT). 12, 22 This is the first report of utilization of iMRI to provide image guidance for placement of laser probes in the epidural space for treatment of spinal metastasis. Our results show that implementation of minor modifications in hardware allows this technique to be used with any iMRI, expanding the applicability of laser ablations and MRI-guided biopsies in soft tissue.
Methods

Patient Population and Evaluation
This single-institution retrospective analysis was conducted under an IRB-approved protocol. Patients who underwent placement of laser catheters with image guidance based on intraoperative MRI during sLITT between July 2015 to December 2015 were identified for this study, and their data were retrospectively reviewed. All individuals had documented spinal metastasis from histologies considered to have unfavorable response to conventional external beam radiotherapy (cEBRT). The epidural extension of the tumor was scored based on preoperative MRI on axial T2-weighted or postcontrast T1-weighted images according to the method described by Bilsky et al. 3 Spinal stability was assessed by using the Spinal Instability Neoplastic Score (SINS) as described by Fisher et al. 9 All cases were presented in a multidisciplinary tumor board conference with neurosurgery, radiation oncology, and radiology, during which consensus was reached that separation of the tumor was needed prior to spinal stereotactic radiosurgery (SSRS). The utilization of the hardware and software in the patients whose data were reviewed in this report using MR images for spinal navigation is investigational and corresponds to an off-label use of such technology. Operative data included the iMRI and fluoroscopic images and the screen shots from the navigation system. All images used for analysis were deidentified. The radiologist collaborating on the study (B.A.) performed the measurements between the closest point of the dura in relation to the predicted and final trajectory of fiber implantation as described below.
Image Guidance Technique for Placement of the Laser Probe in the Epidural Space
The procedure was performed inside the iMRI (Brainlab Inc.). After general endotracheal anesthesia was induced, the patient was positioned prone over gel rolls placed in parallel along the body axis with the arms tucked to the side over the iMRI transfer table. A fluoroscope (Siemens) was positioned inside the room at a safe distance from the MRI unit to obtain anteroposterior and lateral fluoroscopic images. The level to be treated was localized, and standard fiducial markers (Izi Medical Products) were placed on the skin overlying the operative level (Fig. 1A) . A Siemens body matrix coil was taped over a plastic cradle (Fig. 1B) and placed over the patient, with care taken to avoid touching the underlying skin and fiducials ( Fig. 1C  and D) . The patient was transferred to the MRI scanner and a T2-weighted sequence of the region of interest was obtained. The images were transferred to the workstation of the image guidance system (Brainlab, Inc.), where a 3D model of the spinal segment containing the fiducials was created. A reference point was added in the center of each fiducial marker in contact with the patient's skin, and this plan was exported to the navigation system. The patient was removed from the MRI magnet, and the transfer table was repositioned in the safe zone outside of the high-power magnetic field in front of the C-arm. The skin adjacent to the fiducials was prepared, and a reference array was secured with stiches and adhesive drape. A surface match of the fiducials was performed, taking care to avoid displacement of the skin. Accuracy of the navigation was easily verified by placing the navigation probe inside the fiducials ( Fig. 2A-C ) and at the midline overlying an easily palpable spinous process. Once this initial verification was considered accurate by the surgeon, an offset of 70 mm is added and image guidance in the inline axial and the sagittal projections were used to identify the proper trajectory to reach the epidural tumor at an approximate distance of 5 to 6 mm from the edge of the dura mater ( Fig. 2D and E) . A navigated Jamshidi needle (DePuy Synthes) registered to the navigation system was advanced through the soft tissues until it reached the lamina of the vertebral body affected by tumor. If the lateral projection of the navigation image was compatible with the tactile sensation of touching bone, the needle was docked in the lamina. At this stage, an anteroposterior (AP) fluoroscopic image was obtained (Fig. 3) , and the surgeon compared the predicted location of the needle with the current AP projection using the pedicle of the adjacent level as a reference for the limits of the spinal canal. If the accuracy was satisfactory, the needle was advanced toward the predefined target and a snapshot of its final position was saved. At this stage, the central trocar was removed, and a K-wire was placed through the Jamshidi needle, which was subsequently removed. The K-wire was used as a guide for placement of a nonferromagnetic plastic access cannula. Based on our experience, a distance of 5-6 mm around each side of the laser fiber generates temperatures high enough to induce tumor cell death. If more coverage was needed, additional access cannulas were placed in tandem at a 10-to 12-mm distance to cover the craniocaudal extension of the epidural tumor. Lastly, an MRI-compatible titanium needle was inserted into the access cannula and docked into the residual bone of the vertebral body, and a sterile plastic bag was used to cover the needles (Fig. 4) .
To obtain good quality of images for the MRI thermography, we used 2 standard Siemens body matrix MRI coils placed on each side of the patient's back, overlapping in the center and held by straps. The patient was placed into the MRI magnet and a T2-weighted HASTE sequence was used to localize the artifact of the titanium needles, which allowed final confirmation of their trajectory. The ablation of the epidural tumor was performed as previously described.
22
Final Accuracy of the Needle Positioning
Once the navigated Jamshidi needle reached its final position, a negative offset enough to reach the skin level was added to the predicted location of the needle, and a screenshot of the navigation monitor was saved. This represented the trajectory predicted by the navigation software from the entry point in the skin, to the target in the epidural space. The Jamshidi needle was replaced by the cannula, and the patient was prepared for the localization scans.
22 T2-weighted MRI sequences reconstructed to the exact axial plane of each plastic access cannula were obtained. These images were fused to the corresponding final screenshot of each predicted trajectory using the navigation software (Brainlab, Inc.). The shortest distance between the predicted and the actual fiber trajectory in relation to the dural edge at the level of the spinal canal was measured in millimeters ( Fig. 5A and B) . Radial error (Fig. 5) was determined by measuring the tangential distance between the predicted and the real fiber position in the same axial plane. Laser catheters overlapping the desired trajectory were considered on target, with a radial error of zero, as described by Attaar et al. 
Statistical Analysis
Statistical analyses were performed with SPSS (IBM Corp.), using paired Student t-tests for the measurement between the predicted and the real distance from the closest point of the probe to the dura. The Wilcoxon signed rank tests assessed the median changes in thickness of epidural tumor and change in the epidural spinal cord classification (ESCC) classification. A p value ≤ 0.05 was accepted as statistically significant.
Results
A total of 13 patients, 8 men and 5 women, with a median age of 60 years (range 40-81 years), underwent percutaneous placement of a total of 47 laser catheters in multiple spine levels for the treatment of epidural tumor (Table 1 ). All cases were performed under general anesthesia in the prone position. No morbidity was associated with the placement of the laser catheters or the thermal ablation, and the median hospital stay was 1 day (range 1-10 days). A total of 5 patients underwent SSRS after the laser ablation, 1 patient had cEBRT, and 7 patients had sLITT as salvage therapy not followed by radiation. The median length of imaging follow-up was 4.4 months (range 1.6-6.1 months).
Four patients had spinal instability, with a SINS score higher than 12, and were treated with placement of percutaneous pedicle screws. In 3 of those cases, pedicle screw placement was performed at the same time as ablation, using image guidance based on MRI (Cases 4, 5, and 13). One patient required long-segment stabilization (Case 7), which was performed in a separate operation 1 day after the sLITT.
The degree of spinal cord compression before and after treatment was assessed by using the ESCC score. The median preoperative score was 2 (range 1c-3), which was significantly higher than the median score of 1b (range 0-3) at 4 months posttreatment (p = 0.0008, Wilcoxon signed-rank test).
Evaluation of Accuracy
The fiducial registration demonstrated excellent surface accuracy with a margin of error so low that we were not able to measure the discrepancy from the predicted location of the tip of the needle in the navigation screen and the real position in the surface of the skin, both on axial and sagittal planes (Fig. 2) .
The predicted position by the navigation system was not saved on 3 occasions; therefore, out of 47 successfully implanted catheters, we have analyzed the accuracy of 44 laser fibers. MR images provided excellent visualization of the spinal cord and the epidural tumor in all cases. The median distance from the dura predicted by the navigation was 6.6 mm (range 3.5-11.6 mm), which was not different from the real median distance of the fiber of 6.7 mm (range 3.5-10.8 mm. p = 0.13, paired t-test; Table 2 ). The median absolute value of the discrepancy in trajectory or radial error was 0.7 mm (range 0-3.2 mm), which did not correlate with adverse events or failure in the local control of the treated tumor at 4.4 months' follow up.
Discussion
A multitude of spinal interventions are traditionally guided by conventional 2D fluoroscopic imaging, which has the advantages of portability, low cost, and compatibility with the sterile operative field. However, the image quality is subject to deterioration in patients with severe osteoporosis or morbid obesity, and, most importantly, complex oblique trajectories are not properly imaged in the 2D plane. Given these limitations, image guidance for spinal procedures was developed based on CT images, which are ideal for delineation of bony structures, and this technique has become widely used for placement of posterior segmental instrumentation for which a series of surgical tools have been developed and adapted.
We have previously reported our method of placing laser catheters to perform thermal ablation of epidural tumors. 22 Briefly, a preoperative CT (obtained with the patient supine) is uploaded to the navigation system and overlaid with an AP and lateral fluoroscopic image (obtained with   FIG. 4 . Performance of the laser ablation. The navigated Jamshidi needle is advanced into the final position (A), and a screenshot is saved. The Jamshidi needle is exchanged for a plastic access cannula (B), and an MRI-compatible titanium needle is used to maintain its position until the placement of the laser fiber. The needles are covered with sterile technique and 2 MRI coils are applied over the dorsal region (C). The patient is transferred to the MRI magnet for the laser ablation. An intraoperative image from the MRI thermography (D) showing the green boxes that indicate temperature on the epidural space and the red boxes that indicate the temperature near the fiber.
FIG. 5.
Measurement of accuracy of fiber placement. The final screenshot of the position of the navigated Jamshidi needle is fused with the intraoperative MRI in the exact axial plane of the laser probe. A and B: Examples of fused images showing measurement of the closest distance between the actual position of the laser fiber (A) and the closest distance between the dura and the predicted position of the navigated needle (B), which is measured in the same plane as the actual position. The radial error is the discrepancy between these measurements. In this example (Case 12), the 2 measured distances are, respectively, 9.1 mm and 11.6 mm, and the radial error is 2.5 mm. The red is an offset to demonstrate what would be the final position of the needle. The yellow portion is the real needle, which needs to be compared to the fluoroscopic image. C: Example of a perfect overlap between the predicted (green line) and the actual position of the laser fiber (Case 13), with a radial error of 0 mm. the patient in the operative position). Computer software performs the alignment and fusion of images, and 2D and 3D models of the region of interest are created. This method has 2 major shortcomings: 1) Surface inaccuracy: As the preoperative CT images are acquired in prone position, the weight of the body compresses the soft tissue of the dorsal region against the spine. When patient is positioned for surgery, such compression is relieved, resulting in a significant mismatch, precluding verification of accuracy of the image guidance. 2) Poor visualization of the spinal cord, especially in cases of significant epidural compression.
The utilization of MRI as guidance for surgical procedures in the spine is very limited, and few reports have been published on it. 20, 21, 23 A significant limitation of this method is the incompatibility of surgical instruments since surgery occurs inside or near a high-power magnetic field. Fritz et al.
11 described the use of augmented reality in which intraoperative MR images are uploaded to planning software. A frame is positioned over the region of interest and a liquid crystal display is used for passive projection of the MR images in a semitransparent mirror over the dorsal region of the subject. The surgeon can guide a bone needle based on the entry point and the target projected on the patient skin. The final error of this complex setup was 6.1 ± 1.9 mm on the target for vertebroplasties 10 and 4.3 ± 1.2 mm for the vertebral body biopsies. 11 These were both experimental studies with cadavers, and the cost and the feasibility of this method is as yet unknown.
Using MRI for placement of the laser catheters provides several advantages over our previously described technique: 1) verification of accuracy of image guidance on the skin surface; 2) planning of the proper trajectory from the surface, minimizing the length of the skin incisions; and 3) excellent visualization of the spinal cord, even in cases of severe compression, enabling safe positioning of the catheters in the epidural space.
Our method takes advantage of standard fiducial markers, which are placed over the dorsal region. As a requirement for registration, these markers have to be visible in the scan; therefore, the MRI coil has to be positioned above those fiducials. As the skin of the dorsal region is very loose, it is imperative to avoid displacement of the markers after the MRI is completed, since even minor changes in position will result in inaccurate registration. To overcome these limitations, we introduced the use of a plastic cradle to support the MRI coil above the fiducials, avoiding contact with them. This step is extremely important, and we recommend careful observation of the cradle as the patient is transported into and out of the MRI scanner.
It has been our experience that the ideal MRI sequence for fiducial registration is T2-weighted without fat saturation. This sequence allows excellent visualization of the CSF and the spinal cord and is less susceptible to motion degradation due to respiratory movements. Once the registration sequence is exported to the planning software, we recommend that the reference point for registration be placed 1 mm below the fiducial, to compensate for the displacement of the dorsal skin associated with the "wiggling" of the registration wand at the time of surface matching of the fiducials.
The iMRI room is designed to allow the use of common instruments and equipment. Our institution has a very strict policy for safety, requiring all ferromagnetic non-MRI compatible instruments to be counted and positioned outside the high-power magnetic field, which is outlined in the floor. For the implantation of the laser catheters, the patient needs to be removed from the MRI magnet, since all supporting equipment (fluoroscope, anesthesia cart, navigation hardware, and surgical instruments) are not MRI compatible. We take advantage of the iMRI transfer table, which allows minimal manipulation of the patient during this process. Registration of the fiducials requires placement of a reference array, which we suture to the dorsal skin at least 12 inches away from the fiducial markers. We avoid performing a skin incision to attach the array to a spinous process, since this maneuver stretches the skin and creates displacement of the fiducials. Similarly, surgical draping needs to be loose and not attached to the skin, to avoid displacement of the fiducials or the array. Lastly, during fiber placement, it is imperative that the surgeon and the assistant not touch the dorsal region of the patient to avoid displacement of the array and complete loss of accuracy.
Once the navigated Jamshidi needle is registered, we double-check its accuracy before it is advanced toward the spinal cord. It has been our experience that surface accuracy predicts accuracy of the needle at the target. However, we do obtain an AP fluoroscopic image to confirm needle position based on the pedicle of an uninvolved adjacent level as a reference for the limits of the spinal canal.
We have performed placement of 47 laser fibers without any morbidity. MRI guidance has significantly improved our workflow since visualization of the spinal cord has added an extra degree of confidence, reducing the need for additional confirmatory fluoroscopic images during needle advancement. We estimate an intraoperative timing of implantation of 15 minutes per fiber. Our results estimate a median absolute radial error or discrepancy between the predicted and the actual trajectory of the navigated needle to be 0.7 mm (range 0-3.2 mm), which is similar to the data reported for stereotactic placement in cranial procedures. 2 Since we aim for a distance of 5-6 mm lateral to the dura, this margin of error is acceptable. We use the inline or trajectory axial view to track the needle as it is advanced toward the target. Once the needle is docked on the lamina, we release the navigated needle to make adjustments to the trajectory if necessary. We recommend against forcing corrections as the needle is advanced. Since each fiber is positioned freehand, we believe that most of our discrepancies between the predicted and the real position of the needle occurred because we had the impression of a different trajectory as we were manipulating the needle to the desired angle during advancement through the lamina or pedicle. Once we reached the final position, release of the needle correlated with a slightly different angle, therefore explaining some of the cases of higher radial error. Another source of error is the unnoticed development of a subcutaneous hematoma or tension of the skin as the needle is introduced in oblique angles, displacing the reference array. This problem would be easily overcome with development of a nonferromagnetic array, which could be securely attached to the spinous process and scanned in conjunction with the fiducials prior to registration.
Our method allowed reregistration of the fiducials, since we outlined them with a marking pen prior to the registration scan. This added the ability to use navigation for placement of the posterior segmental instrumentation after the laser ablation was completed. Although this task could be easily achieved with fluoroscopy, navigation helped expedite the workflow inside the iMRI room.
An evaluation of the effectiveness of the laser ablations in controlling the epidural tumor is beyond the scope of this report and will be the focus of future publications. In the short follow-up of our series, we have demonstrated good clinical local control in 11 of 13 patients, in whom the median Bilsky ESCC score decreased from 2 to 1b. A total of 7 patients had sLITT as a salvage procedure after failure of prior surgical and radiation treatments. In 2 of those 7 cases, the patients had no improvement in ESCC but remained neurologically stable during the study interval. All cases were associated with a short hospital stay, and we believe patients were able to resume oncological treatment faster than if they had undergone standard open surgical decompression and stabilization procedures, especially the individuals with a Karnofsky Performance Status (KPS) lower than 60% in whom the added surgical morbidity would be excessive. 
